). The intensity of each PCR fragment was divided by that of the internal control ACT1 fragment. The relative acetylation levels were expressed either as individual nucleosomes relative to the ACT1 internal control (top panel, [C] ) to show the total acetylation across the locus or as the ratio of activated-to-basal conditions (bottom panel, [C] ) to show the increase in acetylation after induction over basal, noninduced conditions. The numbers were obtained from more than three independent yMK839 whole-cell extracts and seven ChIP and PCR reactions. Two independent whole-cell extracts and ChIPs were conducted from the yMK842 strain.
Results
neighboring genes (PET56 and DED1, see Figure 1A ) are closely spaced, offering a stringent test of whether histone acetylation is a more global (nontargeted) or a Gcn5 Functions at Promoters of Gcn4-Activated Genes confined (targeted) event. HIS3 and PET56 are divergently transcribed from a common 191 base pair regulaTo better learn how Gcn5 might be directed to selective genes, we chose the chromosomal copy of HIS3 as our tory sequence, and the start codon of DED1 is only 960 base pairs downstream of that of HIS3. Though closely primary model for several reasons. First, amino acid starvation induces transcription (e.g., Struhl, 1986) and spaced, expression of these three genes appears to be independent of each other (e.g., Struhl, 1985 Struhl, , 1986 ). histone hyperacetylation (Kuo et al., 1998) of the HIS3 gene. Importantly, both processes require Gcn5 HAT Figure 1A shows a schematic drawing including the positioning of phased nucleosomes of this locus. activity (Kuo et al., 1998) . Second, the HIS3 locus is organized into a phased nucleosomal array (Losa et al., Relative to total DNA or to loci not regulated by Gcn5 such as ACT1 or rDNA, we previously showed that the 1990) that allows for mapping histone acetylation at a single, nucleosome-by-nucleosome level. Third, the HIS3 locus was hyperacetylated by Gcn5 during amino acid starvation (Kuo et al., 1998) . However, it remained well-studied cis-and trans-acting elements (see Iyer and Struhl, 1995) . To see whether early log phase and then transferred to minimal medium Gcn5 functions through all acidic activators, we characcontaining 10 mM 3-aminotriazole (3-AT), a competitive terized the acetylation and transcription status of the inhibitor of HIS3 gene product (imidazole glycerophos-CYC1 gene. CYC1 encodes iso-1-cytochrome c, and its phate dehydratase), to induce HIS3 activation. Cell extranscriptional induction requires the HAP2/3/4 acidic tracts were subjected to ChIP using an antiserum activator complex (e.g., Olesen and Guarente, 1990). As against diacetylated histone H3 that has been shown to shown in Figure 2E , neither the basal nor the induced recognize histones acetylated by Gcn5 in vivo (Kuo et expression of CYC1 depends on GCN5. Similarly, there al., 1998). DNA fragments recovered by ChIP, representis no detectable change in the level of H3 acetylation ing H3 hyperacetylated chromatin, were then amplified at this gene ( Figure 2D ). Thus, we conclude that Gcn5 by quantitative PCR using primer pairs that each hybridfunctions through a selective group of transcriptional ize to within a single phased nucleosome across PET56-activators for targeted histone modification and gene HIS3-DED1. activation in vivo. Figure 1B shows that a reasonably narrow region surrounding the HIS3 promoter becomes hyperacetylated Gcn4 Recruits Gcn5 in response to amino acid starvation. DNA fragments If binding of Gcn4 to its target sequences (general concorresponding to nucleosomes Ϫ2 to ϩ3 are consistrol response elements, GCREs) is sufficient for initiating tently enriched in the hyperacetylated fraction, with the cascade events of histone acetylation and transcripnucleosomes Ϫ1 to ϩ2 showing the highest level (see tional activation, several testable predictions can be Experimental Procedures). This acetylation requires a made: (1) Gcn4-GCRE interaction should be upstream functional Gcn5, as neither gcn5 null ( Figure 1D ) nor a and independent of histone acetylation, (2) removal of catalytically defective allele (F221A; see Kuo et al., 1998;  GCREs from the HIS3 UAS would prevent H3 hyperacetdata not shown) is able to generate such hyperacetylation, and (3) a new hyperacetylation domain could be ylation. In sharp contrast, the DED1 promoter, though generated if GCREs are created ectopically at a UAS constitutively expressed (see Figure 4B ), shows no that previously possesses no such elements. To test Gcn5-dependent hyperacetylation under either growth these predictions, we again focused our attention on condition. These data argue against models such as the PET56-HIS3-DED1 three-gene cluster. Across this untargeted or general promoter-targeting mechanisms region, there is one known functional GCRE in the HIS3 for Gcn5 during transcriptional induction and provide UAS (Struhl, 1985) that is essential for amino acid starvafurther in vivo support for the notion that Gcn5-linked tion-induced transcription. This element differs from the acetylation is a highly promoter-specific and local procconsensus sequence by one base (consensus, ATGA GCRE-like sequence is found at the DED1 UAS region, is responsible for both activated and basal hyperacetyconsistent with its insensitivity to amino acid starvation. lation, as neither is detectable in a gcn5⌬ strain ( Figure  Figure 3A shows these GCREs. 1D). In contrast, Gcn4 is not likely required for the basal To test the requirement of Gcn4 activator for targeting acetylation because GCN4 deletion or elimination of the Gcn5 HAT activity, we first examined whether Gcn4 was apparent Gcn4 binding site (see below) in HIS3 abroable to bind its target sequences without Gcn5. ChIP gates only the activation-related but not the basal acetassays using anti-Gcn4 serum were performed on ylation.
GCN5 ϩ and gcn5⌬ extracts. Quantitative PCR results The finding that the Gcn5-dependent hyperacetylashown in Figure 3A indicate that deleting GCN5 has no tion domain encompasses the upstream activating seobvious effect on Gcn4 binding at either HIS3 or TRP3 quence (UAS) region suggests that Gcn5 may be tar-(not shown) UAS regions. The near-perfect GCRE found geted by certain transcriptional factors that bind in the within the DED1 ORF (fragment C) does not bind Gcn4 vicinity (e.g., Gcn4 in the case of HIS3 activation). To under either growth condition, in accord with the notion learn if this is the case, we further characterized several that an unknown, intrinsic feature distinguishes the other amino acid biosynthesis genes. Figure 2 shows chromatin structure of protein-coding and promoter rethat all Gcn4 genes tested here, i.e., TRP3, ARG1, HIS3, gions (Mai et al., 2000). We next introduced base substi-CPA1, and CPA2, displayed H3 hyperacetylation similar tutions to HIS3 GCRE (ATGACTCTT to GTCGACGTC) to to HIS3. In contrast, of those non-Gcn4-regulated genes eliminate the Gcn4 binding ( Figure 3B ). As expected, tested (i.e., DED1 and PGK1), no increase in acetylation the activation-related H3 hyperacetylation consistently is observed. Together, these data underscore a critical seen in wild-type HIS3 is now abrogated ( Figure 3B , role played by the activator Gcn4 in recruiting Gcn5 to right), although a low level of basal acetylation remains specific loci.
In vitro data have shown that the SAGA complex funcdetectable. As a control, binding of Gcn4 to the UAS as well as H3 acetylation of TRP3 were tested and found to gcn5 loss-of-function mutations (data not shown). Moreover, the naturally occurring GCRE-like sequence (residbe unaffected by mutations aimed at the HIS3 promoter ( Figure 3C ). These data argue that Gcn4 binding is esing between ϩ8 and ϩ10) in the DED1 ORF that fails to bind Gcn4 does not elicit local hyperacetylation. Intersential for Gcn5-medated histone acetylation at HIS3, whereas the function of Gcn5 is not required for Gcn4 estingly, the DNA fragment corresponding to the mutated HIS3 UAS (fragment A) was modestly enriched, to bind its cognate targets.
We next examined whether relocating Gcn4 binding indicating a moderate increase in the acetylation level. While the significance of this unexpected acetylation is sites to the promoter region of a previously Gcn4/Gcn5-insensitive gene would result in redistribution of the unknown, we suspect that the Gcn4 concentration and hence, H3 acetylation at the mutated HIS3 UAS is inGcn5-mediated H3 acetylation near that gene. Toward this end, we inserted two canonical GCREs at the existcreased due to the distal interaction of Gcn4 and GCREs at the DED1 promoter (see Discussion). Overall, an exing XhoI site located 20 base pairs upstream of the DED1 TATA element (Figure 4A, left) . As well, the natural HIS3 cellent correlation is observed between the binding of Gcn4 and the degree of histone acetylation in the imme-GCRE was mutated so that Gcn4 no longer binds this UAS (see Figure 3B ). As expected, anti-Gcn4 ChIP diately adjacent region. These data indicate that Gcn5 is recruited by Gcn4 to target promoter regions even in assays showed that Gcn4 now is relocated to the modified DED1 UAS ( Figure 4A, right) . Relocating Gcn4 also an ectopic position. results in amino acid starvation-induced DED1 activation ( Figure 4B, lanes 3 and 6) . Most importantly, a new Gcn5 Recruitment Requires the Gcn4 Activation Domain H3 hyperacetylation domain is induced by amino acid starvation at the GCRE-containing DED1 promoter (Fig- We next asked whether the activation domain of Gcn4 is critical for Gcn5 targeting. Of the seven hydrophobic ure 4C). Similar to the wild-type HIS3 locus, the newly generated histone hyperacetylation is also sensitive to pockets within the activation domain of Gcn4, combined Figure 5A shows that in the gcn4⌬ strain, expressing wild-type a consensus TATAAA element (2ϫ TR). We next substituted both TR elements with TGTAAA (2ϫ TGTA), a point GCN4 rescues the growth defects in 3-AT media, whereas the gcn4 (5, 6, 7) Ϫ triple mutant barely rescues mutation that quantitatively abolishes TBP binding (Strubin and Struhl, 1992) . Although this double TR mutathe growth. Further, ChIP assays using anti-Gcn4 or antiAc.H3 antibodies showed that even though the mutant tion eliminated transcription from the ϩ1 and ϩ13 transcription start sites (Chen and Struhl, 1988) , HIS3 inducGcn4 retains its ability to bind GCREs at both HIS3 and TRP3, H3 acetylation at these two loci is apparently less tion still occurred in response to Gcn4 when probed with an internal HIS3 S1 probe ( Figure 6A ). We reasoned obvious ( Figure 5B ). These data strongly suggest that the Gcn4 activation domain plays an essential role in that a cryptic downstream TATA element might be present that retained weak affinity for TBP and directed tran- TATA elements (⌬TCTR), HIS3 induction decreased to near background levels ( Figure 6A ). raises the question as to whether histone acetylation and transcriptional activation are two separable events.
We next characterized the acetylation status of these . These findings point to a potential gressively reduced in our promoter mutants, the differential H3 acetylation level (acetylation in the presence role of Gcn5 in genome-wide histone acetylation that may differ from the activator-targeted promoter acetylaof Gcn4 minus that in the absence of Gcn4) only decreased by 25% to 40% across the HIS3 locus even in tion demonstrated in this study. To better understand the global histone acetylation by Gcn5, we quantified the most severe mutant allele, ⌬TCTR ( Figure 6B ). In this strain, H3 acetylation at the ϩ1 nucleosome region is acetylation of H3 and H4 at 30 different loci in the presence or absence of Gcn5. GCN5 ϩ and gcn5⌬ cells were approximately 70% higher than the PGK1 internal control. In contrast, when GCN5 is deleted in the 2ϫ TR harvested from rich media (i.e., under noninducing conditions with respect to many inducible genes) for ChIP strain (2ϫ TR/⌬gcn5), H3 acetylation of the entire region reduces to background levels irrespective of induction analyses. Figure 7 shows that one half of the tested loci display 3-to 10-fold reduction in H3 acetylation in the by Gcn4. Importantly, while Gcn4-induced transcription in the ⌬TCTR mutant strain is significantly lower than absence of Gcn5. In contrast, H4 acetylation is only moderately affected and not coincident with the changes of that of the 2ϫ TR/gcn5⌬ strain, H3 acetylation levels remain considerably higher and Gcn4 dependent. Thus, H3 acetylation. In addition, we looked into H3 and H4 acetylation status throughout PET56-HIS3-DED1 in dea substantial portion of Gcn5-mediated histone H3 hyperacetylation is separable from HIS3 transcription and tail and found that H3 acetylation is lost completely in the entire HIS3 locus, whereas H4 acetylation remains does not depend on the HIS3 core promoter activity. Figures 1-3) . This is not a property of all Gcn4-controlled genes, as we did not observe similar basal acetylation in TRP3 promoter ( Figure 2C ). As well, mutagenesis of the obvious GCRE at the HIS3 UAS leads to complete elimination of the activated acetylation domain but imposes no discernible effects on the basal acetylation ( Figure 3B) . We hypothesize that a yet unidentified transcriptional regulator may recruit a Gcn5 HAT complex(es) to the HIS3 UAS region under noninducing conditions. Since deleting GCN5 results in further reduction of the HIS3 basal expression (Georgakopoulos and Thireos, 1992; Kuo et al., 1998; Sterner et alone results in complete loss in the activation-associated H3 acetylation (Figure 3B ), introducing functional GCREs to DED1 is likely responsible for this mild elevathough the HIS3 ϩ2 nucleosome region shows a 6-fold reduction in H3 acetylation, comparable loss of acetylation of H3 acetylation at the mutant HIS3 promoter. Since the modified DED1 promoter is less than 1 kb from the tion is also seen in the DED1 promoter region. Our results are most consistent with the idea that genome-wide HIS3 promoter, we suggest that the high concentration of Gcn4 at the DED1 UAS may force Gcn4 surplus or histone acetylation is not directly linked to activation of inducible target genes but is more tied to the general turnover molecules to bind low-affinity, GCRE-like elements at HIS3 UAS. For example, several half GCREs transcriptional competency of a particular locus or wide acetylation implies a more general role in establish- The ratio of the experimental to internal control ACT1 PCR product screen for the ura3 Ϫ clones that maintain the GCRE(Ϫ) version of was calculated, divided by the ratio obtained from their input coun-HIS3 gene. This strain is designated yMK869 and was further transterpart. The variation in PCR efficiency seen in different nucleoformed with a BalI-linearized plasmid, pMK223, which contained a somes was thus normalized. To assess the net change of acetylation GCRE dimer at the XhoI site at the DED1 promoter. 5-FOA selection, due to transcriptional induction, the experiment-to-internal control genomic PCR, and restriction digestion were used to obtain ratio of activated culture samples was divided by the corresponding yMK886, the GCRE-relocation strain. basal samples. Alternatively, for HIS3 TATA element mutations, Yeast strains used for HIS3 TATA element mutations, acetylation acetylation of other Gcn4-regulated genes, and the global Gcn5 of other Gcn4-regulated genes, and the global Gcn5 effect (Figures effect (Figures 2A, 2B, 6 , and 7), the antidiacetylated H3-Ab (protein 2A, 2B, and 5-7) are based on KY320 (2ϫ TR:HIS3 and 2ϫ A purified) and an antitetraacetylated H4-Ab were from Upstate TGTA:HIS3, both with optimal GCRE; ade2-101oc leu2::PET56 lys2-Biotechnology Inc. PCR reactions were done in the presence of 801am trp1-⌬1 ura3-52) (Chen and Struhl, 1988 BSA 2040 PhosphorImager. The percentage of the assayed genomic with optimal GCRE; ade8 Ϫ leu2::PET56 lys2-⌬202 trp1-⌬161 ura3-DNA fragments being immunoprecipitated was calculated by com-52 [Struhl, 1998; a gift from S. Chou]). All strains are gcn4⌬, and paring the quantity of PCR products from the input materials to the Gcn4 is expressed without the 5Ј regulatory ORF sequences from immunoprecipitated products. Otherwise, the protocol employed a plasmid under Cu(II) control (a gift from M. John). From each for cross-linking and DNA isolation was as described earlier (Kuras strain, an isogenic gcn5⌬ mutant was generated by homologous and Struhl, 1999). recombination with a ⌬gcn5::URA3 integration plasmid.
Standard yeast manipulation techniques were employed throughout this work. YPD or CAA medium (synthetic medium supplemented Quantitative PCR Oligonucleotides with 0.5% casamino acids) was used to grow cells in repressive Sequences of the oligonucleotide primers used for quantitative PCR conditions. In HIS3 and TRP3 induction, synthetic minimal medium are available upon request. supplemented with essential amino acids and 10 mM 3-AT was used. For CYC1 induction, YP lactate (2% bacto peptone, 1% yeast extract, and 3% lactate) was used. Typical induction time was 2-5 Quantitative S1 Nuclease Protection Assay RNA levels were determined by quantitative S1 analysis as dehr at 30ЊC. Alternatively, ⌬gcn4 strains were grown in synthetic complete medium (without leucine [ Figures 6 and 7 
